Abstract The neuroprotective effect of hypothermia has long been recognized. Use of hypothermia for stroke therapy, which is currently being induced by whole body surface cooling, has been largely limited because of management problems and severe side effects (i.e., pneumonia). Our recent studies have demonstrated the significant therapeutic value of local brain cooling in the ischemic territory prior to reperfusion in stroke. The goal of this study was to determine if cerebral local cooling infusion could reduce stroke-mediated brain injury by inhibiting inflammatory responses. A hollow filament was used to block the middle cerebral artery (MCA) for 3 hours, and then to locally infuse the ischemic territory with 6 ml cold saline (20°C) for 10 min prior to 48-h reperfusion. This cold saline infusion significantly (P<0.01) reduced temperature of the MCA supplied territory (in cerebral cortex from 37.2± 0.1°C to 33.4±0.4°C, in striatum from 37.5±0.2°C to 33.9± 0.4°C), with the hypothermia remaining for at least 45 min after reperfusion. Consequently, significant (P<0.01) reductions in endothelial expression of intracellular adhesion molecule-1 (ICAM-1), the key step for inflammatory progress, as well as leukocyte infiltration, were evident in both cortex and striatum after reperfusion. As a control, ischemic rats received the same amount of cold saline systemically through a femoral artery. A mild hypothermia was induced in the cerebral cortex (35.3±0.2°C) but not in the striatum (36.8±0.2°C). The reduced cortical temperature returned to normal within 5 min. Brain temperature in ischemic rats perfused locally with saline at 37°C remained normal. Intensive expression of ICAM-1 and accumulation of leukocytes was observed in ischemic control groups without brain cooling infusion. In conclusion, brain hypothermia induced by local pre-reperfusion infusion ameliorated brain inflammation from stroke.
Introduction
The remarkable benefit of mild (30-34°C) hypothermia in global and focal ischemia has long been recognized, and remains one of the most powerful neuroprotective strategies in cerebral ischemia both experimentally and clinically [2, 6, 9, 20, 27] . Since the majority of stroke patients do not receive treatment until hours after the onset of symptoms, delayed intra-ischemic or postischemic intervention is a more clinically relevant issue in stroke therapy. Some preliminary clinical studies have suggested that the neuroprotective properties of mild or moderate hypothermia in acute ischemic stroke can only be achieved through either more rapid initiation of brain cooling after the onset of stroke or prolonged hypothermic exposure (up to 48-72 h) [26, 38, 39, 40] . Experimentally, several studies have demonstrated the effectiveness of postischemic hypothermia in animal models of global or focal transient cerebral ischemia [8, 9, 21, 28, 35, 44, 45, 49, 51] . Again, a prolonged application of hypothermia is necessary to achieve significant and persistent neuroprotection [7, 9, 23, 46] . It has been demonstrated that mild postischemic hypothermia only delays neuronal damage [12, 23] . Moreover, hypothermia is being currently induced in patients by surface cooling with the use of cooling blankets, "forced" cooling air, alcohol applied to ex-posed skin, or ice bags placed to the groin, axilla, and neck. This approach requires intense efforts from the medical and nursing staff for induction as well as maintenance of the target temperature, and has induced some severe complications, such as pneumonia in 40% of patients [39] . Therefore, a shorter, more effective mode of postischemic hypothermic intervention appears to be highly desirable.
A few studies have introduced the concept of selective brain cooling in which the brain, rather than the whole body, is selected as a therapeutic end-point for hypothermia [18] . Cold carotid artery perfusion with temperaturedecreased blood, localized cerebral ventricular perfusion with a hypothermic solution, and head surface cooling have all been tried clinically and experimentally for selective brain cooling and neuroprotection [3, 22, 30, 37] . Our previous studies have led to the development of a unique hollow filament model to "flush" the microvasculature in the ischemic territory prior to reperfusion (i.e., pre-reperfusion infusion) and demonstrated a significant therapeutic value in stroke [13, 14, 16] . Most recently, by combining the hollow filament infusion technique with therapeutic hypothermia, we have demonstrated that regional brain cooling selectively induced a vascular cold saline infusion before reperfusion significantly decreased neurological deficits and infarct volume (90%) in a severe stroke model (3-h MCA occlusion followed by 48 h of reperfusion) [15] . Importantly, we further indicated that the regional brain cooling induce a long-term neuroprotection by demonstrating functional recovery of motor performance up to 28 days after stroke [32] . However, the protective mechanism of the combined regional hypothermia and vascular infusion remains unknown.
The specific aim of this study was to determine if cold saline infused intra-arterially into the ischemic territory could reduce brain inflammation after stroke. To accomplish this task, we used a hollow filament procedure, developed in our laboratory [13, 14] , to first occlude the middle cerebral artery (MCA) for 3 h, and to then infuse cold saline into the MCA supplied territory in rats. The synergistic effects of our combined infusion and cooling procedure on the inflammatory response in ischemic brain were evaluated by immunocytochemistry.
Materials and methods

Subjects
Throughout the protocol, adult male Sprague Dawley rats (260-300 g, Charles River) were housed in the animal care facility with a 12-h light/dark cycle. Animal care and surgical procedures were conducted in accordance with the guidelines approved by NIH and the Wayne State University Animal Investigation Committee. In the stroke without treatment group, a 3-h MCA occlusion was induced and followed by 48 h of reperfusion (n=8). In the local cooling infusion group, after a 3-h MCA occlusion, a 10-min infusion of cold saline (20°C) was performed to selectively induce regional brain hypothermia before the onset of reperfusion for 48 h (n=8). As a control, cold saline equal to the volume injected intracerebrally was delivered through a femoral artery in ischemic animals (n=8) to determine whether systemically administered cold saline (20°C) could induce neuroprotection. As an additional control, local saline infusion at body temperature (37°C) (n=7) was performed after a 3-h MCA occlusion to determine if a slow (0.6 ml/min vs 3 ml/min in our previous studies [13, 14, 16] ) local infusion without brain cooling played a predominant role in reducing brain injury from stroke with 3-h MCA occlusion.
Induction of stroke and cooling infusion with an intraluminal filament MCA occlusion was induced by a novel intraluminal filament model that was modified in our laboratory [13, 14, 15] from the technique developed previously by Zea Longa et al. [47] . Briefly, animals were anesthetized and maintained with 1-3% halothane in 70% N 2 O and 30% O 2 using a facemask. A length of 18.5-19.0 mm modified PE-50 catheter (with 0.2-mm outer diameter and 0.1-mm inner diameter) was inserted into the right external carotid artery via an arteriotomy, and passed up the lumen of the internal carotid artery into the intracranial circulation. The filament was lodged in the narrow proximal anterior cerebral artery (ACA) and blocked the MCA at its origin. Three hours after MCA occlusion, animals were re-anesthetized, and reperfusion was established by withdrawal of the filament. In the animals with a local infusion, the catheter was withdrawn 1 mm from the origin of the MCA (after 3 h of ischemia). During and after the "pull back" of the catheter, 6 ml of cold or warm saline (20°or 37°C) was slowly and constantly injected at the junction of MCA and ACA, using an infusion pump (Harvard Apparatus) to maintain an infusion rate of 0.6 ml/min for 10 min (approximately 0.25 ml/g brain tissue per min). After infusion, the catheter was completely withdrawn and reperfusion established.
To verify MCA occlusion, neurological deficits in rats were examined during ischemia with a modified scoring system developed by Zea Longa et al. [47] as follows: 0, no deficits; 1, unable to extend the contralateral forelimb; 2, flexion of contralateral forelimb; 3, mild circling to the contralateral side; 4, severe circling, and 5, falling to the contralateral side. Animals that did not have severe neurological deficits (score less than 4) during MCA occlusion were excluded from further analysis.
Physiological variables, such as blood pressure, blood gases (pH, pO 2 , PCO 2 ) and hematocrits were monitored before and after surgical procedure.
Brain and body temperature monitoring
Brain temperature was monitored ipsilaterally in the area supplied by the MCA both before and during the local infusion of saline, as well as after infusion while blood flow was re-established over 1-60 min until it returned to normal levels. Needle thermistor probes (Hi-Lo Temp Model 8200 thermometer, Mallinckrodt, New Jersey) were placed into cortex and striatum through holes at 3 mm lateral to bregma, and 3 mm posterior and 5 mm lateral to bregma, respectively. Body temperature was frequently measured through the rectum before, during and after saline infusion until it returned to normal levels. One-way (infusion conditions: none, local cooling, local warming, systemic cooling) ANOVAs with repeated measures on different time points were employed to assess brain and body temperature, with a significance level at P<0.05.
Animals from each group were anesthetized and placed on a water circulating heating pad under a heating lamp throughout the surgical procedure. When cerebral and rectal temperature both returned to normal levels, animals were allowed to awaken and were placed in a warm environment for additional 3 h.
Histological analysis for ICAM-1 expression and leukocytes infiltration
At 48 h after MCA occlusion and reperfusion, ischemic animals were deeply anesthetized with Nembutal (50 mg/kg, i.p.) and killed by cardiac perfusion of saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. Coronal brain sections, cut at a thickness of 30 µm and taken from +2.0 mm to -4.0 mm bregma, were processed for immunohistochemistry to determine endothelial expression of intracellular adhesion molecule-1 (ICAM-1), the key step for inflammatory progress, and leukocyte infiltration. All histological analyses were performed in a blind fashion.
Immunocytochemistry procedure
Two series of frozen sections were incubated at 4°C for 48 h either with a monoclonal anti-rat ICAM-1 antibody (1:3,000; 1A29, Seikagaku) [36, 43] or with a polyclonal rabbit anti-human myeloperoxidase antibody (1:1,500; A0398, DAKO). Myeloperoxidase, a heme lysosomal enzyme present in azurophilic granules of neutrophils and in smaller quantities in monocytes, has been commonly used as a marker of polymorphonuclear (PMN) leukocytes [1, 4] . Ex- Fig. 1 Graphs depicting changes of brain temperature in cortex (A) and striatum (B), as well as body temperature (C) before, during and after saline infusion via either the MCA or femoral artery in different ischemic groups, including local infusion at 20°C, systemic infusion at 20°C and local infusion at 37°C. In the cortex (A), the cold saline (20°C) infusion via MCA rapidly and significantly (P<0.01, indicated by *) reduced temperature of the MCA supplied ischemic territory as compared to all groups, with the hypothermia remaining for at least 45 min after reperfusion. A mild hypothermia was induced (35.3± 0.2°C) in the ischemic rats that received the same amount of cold saline (20°C) systemically through a femoral artery. This significantly (P<0.01, indicated by #) reduced cortical temperature recovered to normal within 5 min. Brain temperature remained normal during ischemia and reperfusion in the third group of ischemic rats that was perfused locally with body temperature saline (37°C). In the striatum (B), the cold local saline infusion reduced temperature significantly (P<0.01, indicated by *), with the hypothermia remaining for at least 45 min. However, the cold systemic infusion did not reduce the temperature significantly in the striatum (36.8± 0.2°C). Brain temperature remained normal during ischemia and reperfusion in the ischemic rats perfused locally with warm saline (37°C). In ischemic groups with either local or systemic cold saline (C), the body temperature measured from the rectum was slightly reduced but remained above 36°C, and soon returned to normal levels (37.5°C). Values are means ± SE (MCA middle cerebral artery) pression of ICAM-1 or myeloperoxidase was visualized using routine immunoperoxidase techniques.
Immunolabeling quantification ICAM-1-positive vessels and leukocytes immunostained with myeloperoxidase were counted randomly throughout 24 non-overlapping cortical and striatal regions (0.25 mm 2 each). The regions were selected in the ipsilateral (ischemic) hemisphere supplied by the MCA from three sections along frontoparietal cortex and dorsolateral striatum under a light microscope at ×400 [13, 17, 50] . To determine the frequency of ICAM-1-positive vessels, the number of immunoreactive vessels less than 100 µm in diameter (estimated by width of vessel segment) was counted and regarded as the total number of microvessels [36] . In each microscopic field, all labeled leukocytes (neutrophils and monocytes) that were visible in the vascular lumen, the intramural wall or the brain parenchyma, were counted. Statistical differences in the number of labeled vessels or cells in the different ischemia groups were analyzed by ANOVA and Duncan's multiple range tests, with a significance level of P<0.05.
Results
Regional brain hypothermia
The cold saline (20°C) infusion via MCA rapidly reduced the temperature of the MCA supplied ischemic territory, in cortex from 37.2±0.1°C to 33.4±0.4°C (Fig. 1A) , and in striatum from 37.5±0.2°C to 33.9±0.4°C (Fig. 1B) . ANOVA indicated that the temperature differences were significant in the cortex [F (8, 48) (8, 48) =1.48, P>0.05] in the ischemic rats that received the same amount of cold saline systemically through a femoral artery (Fig. 1A, B) . Further, the Duncan's multiple range test indicated that temperatures were significantly decreased during systemic infusion, and the reduced cortical temperature recovered to normal within 5 min. Brain and body temperature remained normal during ischemia and reperfusion in the third group of ischemic rats that was perfused locally with saline at body temperature (37°C) (Fig. 1A-C) . In ischemic groups with either local or systemic cold saline, the body temperature measured from the rectum was slightly reduced but remained above 36°C, and soon returned to normal levels (Fig. 1C ).
There were no significant differences in arterial blood pressure, blood pH, hematocrits and blood gases among the ischemic animal groups before or after saline infusion (data not shown).
Inflammatory endothelial ICAM-1 expression and leukocyte infiltration
Microvessels in the ischemic lesion strongly expressed ICAM-1 immunoactivity in ischemic rats after 48 h of reperfusion without brain cooling, in contrast to that in ischemic rats with local brain cooling (20°C) infusion. ICAM-1 immunoreactivity was also strongly expressed in microvessels from ischemic brain that received systemic cold (20°C) saline infusion or with local warm (37°C) saline infusion. Immunoreactivity was rarely found in brain tissue beyond infarct regions. Quantitative analysis demonstrated a significant (P<0.01) reduction in number of ICAM-1-positive vessels both from cortex and striatum in ischemic group with brain cooling infusion. In cortex, 1.8±0.5 ICAM-1-positive vessels was found per 0.25-mm 2 region, com- Fig. 2 Graph of the number of ICAM-1-immunolabeled blood vessels, which indicates magnitude of the inflammatory injury after stroke (3-h MCA occlusion followed by 48-h reperfusion) in four different stroke treatment groups (local cold infusion, systemic cold infusion, local warm infusion, and no infusion). Significant (P<0.001, indicated by *) reductions in numbers of ICAM-1-positive vessels per 0.25 mm 2 within cortical (A) and striatal (B) regions were found in rats with local brain cooling, in contrast to control ischemic rats with other infusion procedures or without infusion. There was no significance seen among those control groups. Values are means ± SE pared to 5.8±0.7 in ischemic rats without saline infusion, 5.0±0.2 in rats with local warm infusion and 5.4±0.6 in rats with systemic cold saline infusion ( Fig. 2A) . In striatum, there were only 2.1±1.1 ICAM-1-immunolabeled vessels seen after local brain cooling infusion, in contrast to 5.8± 0.7 in ischemic rats without saline infusion, 6.6±0.8 in rats with local warm infusion and 7.3±1.2 in rats with systemic cold saline infusion (Fig. 2B) .
PMN leukocytes infiltrated into ischemic areas were labeled with myeloperoxidase immunocytochemistry. When the numbers of leukocytes per 0.25 mm 2 of striatal and cortical regions were compared in ischemic rats, it was found that a significant (P<0.001) reduction was associated with pre-reperfusion brain cooling infusion (20°C). In cortex (Fig. 3A) , the average number of infiltrated leukocytes was reduced from 50.2±2.3 in ischemic rats without saline infusion to 2.2±1.5 in ischemic rats with local brain cooling. However, there were no significant reductions in infiltrating leukocytes from ischemic rats with local warm infusion (38.9±2.5) and in rats with systemic cold saline infusion (46.5±3.1). In striatum, only 2.0±1.4 infiltrating leukocytes were seen after local brain cooling infusion, in contrast to 41.8±5.9 in ischemic rats without saline infusion. In addition, the slightly reduced numbers of infiltrating leukocytes in rats with local warm infusion (28.1±3.9) and in rats with systemic cold saline infusion (31.5±1.4) did not reach significant levels (Fig. 3B) .
Discussion
Our previous studies have demonstrated a significant decrease in neurological deficits and infarct volume (90%) in severe stroke (3-h MCA occlusion) after 48 h of reperfusion, as well as a significant improvement in motor function 28 days after stroke, following brain cooling infusion treatment [15, 32] . By elucidating causal mechanisms responsible for inflammation-related brain injury, this study continues towards the goal of our previous studies [15, 32] , which are to further the development of a therapeutic procedure that combines both saline infusion and regional cerebral hypothermia of ischemic territory. In ischemic rats infused intracerebrally with cold saline, we demonstrated a significant reduction in inflammatory leukocyte infiltration and endothelial expression of ICAM-1. This reduced brain inflammation could have led to reduced brain damage and improved long-term functional outcome.
The complex effects of redundancy and overlap generated by inflammatory cells and their mediators [10] are highlighted in stroke. Polymorphonuclear (PMN) leukocyte infiltration in areas of cerebral infarct and cytokinemediated inflammatory reactions play a pivotal role during reperfusion. The present study demonstrated, for the first time, that brain cooling infusion treatment effectively inhibits stroke-mediated inflammation. The association of reduced inflammatory responses and decreased brain damage due to MCA occlusion provides insight into the potential mechanisms of the protection afforded by hypothermia and local saline infusion.
Previous studies have begun to investigate the mechanisms through which hypothermia or brain vascular infusion provide protection against stroke-induced inflammatory responses. Chen et al. [5] demonstrated that hypothermia could produce a reduction in ischemic damage with minimal inflammatory injury. Their finding that intra-ischemic hypothermia attenuates neutrophil infiltration in rat neocortex after focal ischemia/reperfusion injury has also been confirmed by others [23, 24, 34, 41] . In addition, the reduction of injury and leukocyte infiltration has been correlated with a diminished over-expression of ICAM-1 mRNA [28, 42] . A more recent study further indicated that mild hypothermia decreases inflammatory reposes in both brain inflammation induced by lipopolysaccharide and stroke, implicating a direct anti-inflammatory effect of cooling [11] . The benefits of vascular infusion include removal of biochemical by-products and toxic mediators, such as cytokines and adhesion molecules ac-231 Fig. 3 Increased numbers of infiltrating leukocytes indicate an increased inflammatory injury of ischemic animals with 3-h MCA occlusion. After 48 h of reperfusion, a significant decrease in leukocyte infiltration was revealed in ischemic rats from the local brain cooling group, showing a largely reduced number of infiltrating leukocytes in ischemic cortex (A) and striatum (B) (P<0.01, indicated by *). However, no significant reduction in the number of infiltrating leukocytes was found from other ischemic animal groups without local brain cooling. Values are means ± SE cumulating in the ischemic territory [16] , leading to significantly reduced vascular-parenchymal infiltration of inflammatory leukocyte and endothelial expression of adhesion molecule with improving the cerebral microcirculation [13] .
This study has emphasized a synergistic effect of combined vascular infusion and brain cooling on reducing brain inflammatory injury. In our previous studies [13, 14, 16] , 7-10 ml of warm saline infusion (37°C) administered over 3-4 min significantly reduced brain injury in rats with 2-h MCA occlusion. A further reduction of infarct volume, however, was not induced by infusion of saline at 23°C for the same short duration (3-4 min), while a mild hypothermia was produced for up to 3 min, suggesting that removal of deleterious compounds rather than the brief period of postischemic hypothermia plays a crucial role in the neuroprotection. In contrast, 6 ml of warm saline infusion for 10 min in this study did not reduce brain inflammation. This negative result could be due to a more severe stroke model (3-vs 2-h MCA occlusion), or less infusion volume per minute (0.6 vs 2.5-3 ml) and less hypothermic duration (3 vs 45 min). Moreover, no significant reduction in inflammation was found in ischemic rats with cold saline administered systemically while only a mild and brief (5 min) hypothermia was induced in cortex (but not in the striatum). These findings suggest that a slow infusion with a small volume might not be able to remove accumulated toxins and biochemical byproducts as effectively as a fast infusion with larger volume, and that the combination of local infusion and brain cooling synergistically produce more profound neuroprotection in a severe stroke model with 3-h MCA occlusion. In addition, by combining hypothermia (with 20°C saline) with the local "flushing", the total volume of infusion could be reduced by up to 30% (from 10 to 6 ml), and infusion speed could be decreased by up to 75% (2.5 or 3 ml to 0.6 ml/min), which may make this procedure safer and more feasible in a clinical setting.
Since stroke is a complex and progressive process involving deleterious mechanisms that are active during the entire ischemic and postischemic period, beyond inflammation, our model for simultaneously infusing the microvasculature of the ischemic territory with saline and cooling the brain region prior to reperfusion could be active through other therapeutic mechanisms. A large number of basic studies have shown that the mechanisms of neuroprotection conferred by hypothermia are multifactorial [3, 9, 19, 27] . There is extensive evidence linking hypothermia to reductions in free radical formation and the associated lipid peroxidation [20] . Mild hypothermia reduces the rate of metabolism of arachidonic acid following postischemic reperfusion [29] . It has been reported that mild brain hypothermia beginning immediately after ischemia (within 30 or 60 min, but not 90 min) delays consumption of endogenous antioxidant enzymes and energy supplies with decreased accumulation of lactate and lipid peroxidation [48] . Mild hypothermia may also convey neuroprotection by virtue of improving vascular circulation. Brain cooling to 31°C was found to increase cerebral blood flow more than twofold [31] . Upon reperfusion of the MCA, a more rapid return of cerebral blood flow was obtained with mild hypothermia than with normothermia [25] . The therapeutic effect of the technique to "flush" the microvasculature in the ischemic territory prior to reperfusion in our previous studies may involve removal of free fatty acids from the ischemic territory, attenuating oxygen free radical reactions (unpublished data). In addition, erythrocytes trapped in the capillary bed of the ischemic penumbra region could be washed away [33] . Pre-reperfusion infusion and brain cooling, therefore, may provide the ultimate neuroprotective "cocktail" that could limit multiple injurious events during reperfusion.
Conceivably, a therapeutic procedure, which combines pre-reperfusion infusion into an ischemic region with coincident cerebral hypothermia and perhaps subsequent recanalization of an occluded intracranial vessel, may improve the outcome by minimizing secondary brain injury and lengthening the therapeutic window for stroke patients.
